Cu electrochemical mechanical planarization ͑ECMP͒ has been investigated as an alternative technology to Cu chemical mechanical planarization ͑CMP͒. The influence of pH and a complexing agent on the surface quality and Cu removal rate during ECMP is studied on blanket Cu-coated wafers to understand discrepancies in surface quality between low pH ECMP electrolytes and CMP slurries containing 5-phenyl-1-H-tetrazole. The results show that surface roughness increases following Cu ECMP relative to Cu CMP, probably due to the introduction of pad porosity. The surface quality improves as the pH is increased from 3 to 6, suggesting that the formation of some Cu oxide may be desirable, although this decreases the Cu removal rate. The surface quality also improves with the substitution of a less aggressive complexing agent ͑glycine͒ for oxalic acid. Measurements by electrochemical impedance spectroscopy suggest that the passive film formed with an applied anodic potential during ECMP is thicker than that which forms during CMP at the open-circuit potential. Impedance measurements show that the trend in surface quality with pH is not always consistent with a previously reported correlation with the degree to which the constant phase element approaches an ideal capacitor.
The planned introduction of porous low k dielectric materials, which are mechanically fragile and may have reduced adhesion, has stimulated interest in electrochemical planarization methods as an alternative to Cu chemical mechanical planarization ͑CMP͒.
1 Despite its noncontact nature, electrochemical planarization has found limited application due to its pattern sensitivity and residual Cu island formation. [1] [2] [3] Electrochemical mechanical planarization ͑ECMP͒ has shown better results for bulk Cu planarization, with both high Cu removal rates and excellent planarization efficiency. [4] [5] [6] The performance of Cu ECMP electrolytes and CMP slurries is evaluated using a variety of benchmarks, including Cu removal rate, planarization efficiency, and surface quality, as measured by surface roughness and defect formation, for example. 7 All of these benchmarks are influenced by the nature of the Cu passive film. In the absence of deliberately added passive-film-forming agents, the Cu oxide that forms at pH Ͻ 3 is very porous and readily soluble. As the pH increases, the film becomes thicker, and at alkaline pH the film becomes more compact and provides better corrosion resistance. [8] [9] [10] [11] During CMP or ECMP, Cu passive film formation is complicated by the presence of oxidizing agents, complexing agents, pH, and other solution phase components, which alter the chemistry of the passive film, thus impacting the Cu planarization benchmarks listed above. 7, [11] [12] [13] [14] [15] The Cu passive film formed by the most widely used passivating agent, benzotriazole ͑BTA͒, has been extensively studied 8, 10, [16] [17] [18] [19] [20] [21] [22] [23] but is still not completely understood. CMP and ECMP at low pH generally provide an enhanced Cu removal rate, resulting from the increased chemical/electrochemical component. 6, 11, 12 We recently reported both CMP slurries 11 and ECMP electrolytes 6 that contain 5-phenyl-1-H-tetrazole ͑PTA͒ at pH 3. Although the ECMP electrolytes provided excellent Cu removal rates and planarization efficiencies, 6 the surface roughness was considerably higher than that typically obtained from Cu CMP. To understand these issues, this report presents blanket wafer polishing results for Cu ECMP electrolytes containing PTA at various pH values, as well as related electrochemical studies. We demonstrate that the surface roughness increases following Cu ECMP relative to Cu CMP, decreases as the pH of the ECMP electrolyte is increased from 3 to 6, and decreases with the substitution of a less aggressive complexing agent ͑glycine͒ for oxalic acid. Results from electrochemical impedance spectroscopy ͑EIS͒ suggest that the passive film that forms during ECMP is thicker than that which forms during CMP.
Experimental
Cu ECMP studies were performed on blanket 100 mm diameter Cu-coated ͑1300 nm͒ wafers using a pilot ECMP tool donated by Buehler and modified so that an external potential could be applied, as shown in Fig. 1 . 6 Electrical connection to the wafer surface near the edge was made using a bow-shaped contact with a soft conductive polymer coating at the contact point. To supply higher currents ͑1.5-2 A͒ than typically supplied by analytical quality electrochemical instrumentation, a Kepco power supply was employed with a two-electrode setup. An IC1000 pad with K grooves was used for all experiments. The pad was perforated with holes of 4 and 5 mm diameters with an overall pad porosity of approximately 20%. The polishing parameters reproduced those reported in Ref. 6 and 11 to obtain surface roughness values that can be reasonably compared. Thus all ECMP experiments were done at an anodic bias of 3.5 V, a downforce of 1.5 psi, platen and wafer rotational speeds of 30 rpm, and an electrolyte flow rate of 380 mL/min.
The average Cu thickness was measured with an RS-30 automated four-point probe. The surface profile was measured with a Burleigh Horizon noncontact optical profilometer from the circumference to the center of the wafer at three different spots. The reported and discussed root-mean-square ͑rms͒ surface roughness values were all measured over the same surface area ͑0.07 mm 2 ͒ so that they could be directly compared. Oxalic acid was purchased from JT Baker, while 60 wt % hydroxyethylidenediphosphoric acid ͑HEDP͒, glycine, PTA, and colloidal silica ͑Ludox-AM-30͒ were purchased from Sigma Aldrich.
All electrochemistry experiments used a Pt spiral wire as the counter electrode and a saturated calomel reference electrode ͑SCE͒. Voltammetry experiments were controlled with a Princeton Applied Research 263A potentiostat, and EIS was studied by coupling this with a Solartron 1250 frequency response analyzer from 20 Hz to 20 kHz using an ac probe amplitude of 5 mV. For understanding Cu passive film formation during ECMP, the working electrode for voltammetry and impedance studies should ideally be Cu-coated Si wafers. However, because the entire Cu film was removed by anodic dissolution, a Cu rotating disk electrode ͑about 0.95 cm 2 ͒ was used instead during voltammetry measurements.
EIS was measured in a specially designed cell using a Cu-coated Si wafer piece ͑about 0.28 cm 2 ͒ as the working electrode with Cu tape for the electrical connection. For all EIS studies, the potential was first held at Ϫ250 mV for 5 min to form the PTA-containing passive film and then stepped to successively higher anodic potentials ͑+250, +450, and +650 mV vs SCE͒, which are consistent with previously reported ECMP results. 6 Thus measurements at the same pH but different potentials were done sequentially to avoid disturbing the relative electrode positions. After each potential step, the electrode was allowed to stabilize for 5 min before taking measurements. The impedance behavior that was observed did not vary significantly with electrode rotation, suggesting that the static studies of passive film formation can adequately relate to passive film formation during dynamic ECMP.
Results and Discussion
Previous studies of PTA-containing Cu ECMP electrolytes at pH 3 yielded an excellent Cu removal rate and high planarization efficiency but an unacceptably high surface roughness value of 8.3 ͑1.5͒ nm. 6 This Cu ECMP electrolyte contains 0.29 M HEDP, 1 mM PTA, 0.065 M oxalic acid, and 3 wt % colloidal silica. PTA-containing Cu CMP slurries at pH 3 yielded much better surface quality, with rms surface roughness values of approximately 0.7 ͑0.02͒ nm over the same surface area. 11 This Cu CMP slurry contains 3 wt % H 2 O 2 , 1 wt % glycine, 1 mM PTA, and 3 wt % colloidal silica. However, comparisons of surface roughness must be made carefully because the surface quality depends on a variety of operational conditions, including the pad type. Therefore, this same Cu CMP slurry was tested again using the pilot ECMP tool discussed above and using the same porous IC1000 pad that is used for Cu ECMP. This yields a much higher surface roughness value of approximately 2.6 ͑0.37͒ nm following Cu CMP. Thus some of the discrepancies between previous Cu CMP and ECMP results for surface roughness arise from the use of a porous pad. Because the somewhat corrosive Cu CMP slurry can become trapped in the pores, this does not seem surprising. However, using the same tool and the same pad, the surface roughness remains considerably higher for the PTAcontaining Cu ECMP electrolyte at pH 3 than for the PTAcontaining Cu CMP slurry at pH 3.
One difference between the slurry/electrolyte formulations given above is the complexing agent, which was glycine during the CMP studies 11 and oxalic acid during the ECMP studies. 6 The Cu ECMP electrolyte was therefore modified to substitute 0.13 M glycine for oxalic acid, and the surface roughness was reduced to 3.3 ͑0.34͒ nm from 8.3 ͑1.5͒ nm, the value reported previously with oxalic acid. 6 The higher glycine concentration was employed for comparison because the oxalic acid molecule has two carboxylic acid groups, whereas the glycine molecule has only one.
As mentioned above, the pH is also a critical variable in Cu CMP/ECMP solutions because this determines in part whether Cu oxide forms. In CMP slurries, Cu oxide is generally believed to form above pH 4, with bare Cu existing below this pH. 10, 24 Stable Cu oxides form only above about pH 5. 9 As the pH is raised, the Cu oxide that forms becomes more stable. [8] [9] [10] Because the pH is critical for passive film formation, the effects of pH on Cu surface roughness during ECMP were also investigated. Figure 2 illustrates the variation with pH of the surface roughness in a glycine-containing Cu ECMP electrolyte. This shows that as the pH is raised into the range where a stable Cu oxide forms, the surface roughness is dramatically reduced. Several studies of BTA-containing Cu CMP solutions have reported that an oxidized Cu surface is critical for the formation of a compact and effective passive film on the Cu surface. 10, 23 However, because low pH electrolytes are being developed to enhance the Cu removal rate, one must consider the tradeoff between surface quality and removal rate. Figure 3 illustrates that as the pH is raised from 3 to 6, the Cu removal rate declines from 620 to 400 nm/min.
The nature of the passive film formed during Cu CMP has been studied by a variety of different methods. 25 We previously employed a quartz crystal microbalance to study Cu ECMP 6 but found that the passive film thickness is not easily obtained due to the corrosive nature of the ECMP electrolyte and the need to preform the passive film at cathodic potentials. Spectroscopic ellipsometry may also be used to study the passive film formation in Cu CMP slurries, but passive film growth may continue for many hours due to the action of the oxidizing agent. 26 We observed similar effects at anodic potentials in ECMP electrolytes, with the ellipsometry signal varying continuously in a manner consistent with anodic film growth. Here surface roughness studies are complemented by EIS for several reasons. By properly choosing the lowest frequency that is studied, one can avoid a low frequency signal drift, yielding quasi-steady-state results. Another reason for investigating impedance behavior in 
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Journal of The Electrochemical Society, 156 ͑7͒ H555-H560 ͑2009͒ H556 these Cu ECMP electrolytes is to compare the results to a previously reported theory, which will be discussed below, that relates the impedance results to surface roughness. 27, 28 EIS has been extensively used to study Cu passivation and oxidation in model CMP slurries. [21] [22] [23] [24] [27] [28] [29] However, as discussed in the Experimental section, the surface area of the Cu-coated wafer pieces used for impedance studies is much smaller than the surface area of the Cu-coated wafers used during ECMP. This results in a significant ohmic voltage drop during Cu ECMP, 6 so voltammetry studies on these two electrodes are not directly comparable. For this reason the voltammetry curves in Fig. 4 were measured as a function of pH for ECMP electrolytes containing 0.29 M HEDP, 0.13 M glycine, and 1 mM PTA. At all pH values, an approximately constant anodic current density of about 0.2 mA/cm 2 is observed in the potential range from about 0-0.5 V vs SCE. At higher potentials, the anodic current rises due to the breakdown of the Cu passive film. The current density ͑20 mA/cm 2 ͒ obtained during the two-electrode Cu ECMP at an applied potential of 3.5 V corresponds to a potential of approximately +450 mV vs SCE for three-electrode experiments with abrasion on small Cu-coated wafer pieces. Because voltammetry comparison between the two different Cu-coated wafer electrodes is difficult, impedance was studied not only at +450 mV vs SCE but also as potentials somewhat anodic ͑+650 mV͒ and somewhat cathodic ͑+250 mV͒ to this value.
Figures 5-7 show Nyquist plots of impedance studies of Cu ECMP electrolytes containing 0.29 M HEDP, 0.13 M glycine, and 1 mM PTA at different pH and potential values. The impedance scans were performed only at frequencies greater than 20 Hz due to Cu corrosion and dissolution in the ECMP electrolyte. To study a Cu ECMP electrolyte with a significant Cu removal rate, low frequency impedance studies could not be performed. All impedance spectra were fit to the equivalent circuit shown in Fig. 8 , which exhibits two capacitive loops, one for the solid-electrolyte interface ͑R ct , CPE 1 ͒ and one for the passive film ͑R f , CPE 2 ͒, while R s corresponds to the solution phase resistance. This equivalent circuit has been employed to fit impedance data in several corrosion inhibition systems, [30] [31] [32] [33] [34] and its validity in describing Cu ECMP for PTA-containing electrolytes is discussed further below. The equivalent circuit shown in Fig.  8 is physically reasonable for the gradual thinning and the disappearance of the passive film ͑R f → 0͒ because this yields the Randles equivalent circuit typical of a bare metal electrode. The effect of surface heterogeneity can be incorporated into this impedance model phenomenologically by replacing the capacitances in the equivalent circuit of Fig. 8 with constant phase elements ͑CPEs͒, whose impedance is [35] [36] [37] [38] 
where T is a frequency independent constant, is the angular frequency, and n is an exponent within the range of 0.5 Ͻ n Ͻ 1. When n approaches unity, the CPE behaves like an ideal capacitor, 
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Journal of The Electrochemical Society, 156 ͑7͒ H555-H560 ͑2009͒ H557 whereas when n is 1 2 , the CPE behaves like a Warburg impedance. The CPE has been widely employed to fit impedance spectra for Cu in model CMP slurries. [21] [22] [23] 27, 28 Some reports have argued that the approach of n 1 to unity reflects a more homogeneous Cu surface and that Cu CMP in such solutions yields a reduced surface roughness. 27, 28 This is the only quantitative correlation of which the authors are aware that has been reported for Cu surface roughness following CMP/ECMP. Two adjustments to the equivalent circuit shown in Fig. 8 were made. First, the second capacitive loop is omitted from the circuit at highly anodic potentials, corresponding physically to a bare, unpassivated Cu surface. This is caused by anodic the breakdown of the passive film at highly anodic potentials, exposing the underlying Cu surface. Second, the resistance of the passive film ͑R f ͒ is taken as effectively infinite and omitted from all data fits. Otherwise, the values determined for R f are quite high and poorly fit. Physically this corresponds to the presence of a thick passive film whose thickness is poorly determined. This suggests that the passive film is chemically/electrochemically protective, but mechanically weak, because high Cu removal rates are still observed. However, CPE 2 is required to obtain an adequate data fit, indicating that the passive film is still present. This is a key conclusion of the impedance studies reported here, that the passive film that forms at anodic potentials during Cu ECMP appears to be thicker than that which forms at the open-circuit potential during Cu CMP. Supporting this argument, the high frequency loop in the Nyquist plot at the open-circuit potential in PTA-containing Cu CMP solutions is considerably smaller in magnitude ͑about 10 ⍀ cm 2 ͒ 11 than that reported here. The thicker passive film that appears to form during Cu ECMP relative to Cu CMP may contribute to the higher surface roughness that is obtained. Figures 5 and 6 show Nyquist plots for the impedance spectra of Cu-coated Si wafers as a function of pH at two anodic voltages, +250 and +450 mV vs SCE. At these potentials, the Cu surface is believed to be coated with a passive film containing only PTA at pH 3, with Cu oxide first forming and then increasing with thickness with increasing pH. This is consistent with the general expectation that Cu oxide forms in CMP slurries above pH 4. 10, 24 The best-fit impedance parameters for these results are shown in Tables I and II. The formation and growth of Cu oxide are reflected by the increase in R ct , the charge-transfer resistance, with increasing pH as seen in Fig. 5 and 6 and Table II . Similar increases in the charge-transfer resistance with pH have been reported for BTA passive film formation on Cu. 23 The magnitudes reported for R ct in Table II also support this interpretation, as well as the use of the equivalent circuit in Fig. 8 . At the lowest potential ͑+250 mV͒ and lowest pH ͑3͒ stud- Table I . Best-fit values for R s , T 1 , and n 1 from the impedance spectra in Fig. 5-7 and 9 . The ECMP electrolytes contain 0.29 M HEDP, 1 mM PTA, and the specified complexing agent.
V ͑vs SCE͒, complexing agent pH The value of n 1 at +250 mV in Table I increases with pH, while the surface roughness reported in Fig. 1 decreases with pH. Because CPE 1 describes the solid-electrolyte interface, not the passive film, the degree to which n 1 approaches unity reflects the extent to which the solid-electrolyte interface is homogeneous. Because the Cu surface roughness is reduced as n 1 approaches unity, these results are consistent with the previously reported correlation. 27, 28 Figure 7 shows a Nyquist plot of the impedance spectra of a Cu-coated Si wafer as a function of pH at +650 mV vs SCE, close to the potential for passive film breakdown in the polarization curves in Fig. 4 . The impedance parameters presented in Tables I and II are the best-fit results to the equivalent circuit in Fig. 8 , but omitting the capacitive loop associated with the passive film. These results are qualitatively different from those at +250 and +450 mV vs SCE because the Cu passive film appears to be absent due to the anodic breakdown. The trend in R ct , the charge-transfer resistance, with pH at +650 mV is the opposite of that observed at +250 and +450 mV vs SCE. Figure 9 and the best-fit impedance parameters in Tables I and II illustrate the effect of the complexing agent on planarization by ECMP at +250 and +450 mV vs SCE. With the addition of oxalic acid to the ECMP electrolyte, the charge-transfer resistance ͑R ct ͒ is reduced relative to that with glycine at +250 mV vs SCE. At the slightly more anodic potential of +450 mV, the second capacitive arc is not needed to fit the impedance results, again suggesting a breakdown of the passive film. Taken together, these results suggest that passive film formation in ECMP electrolytes is more complete and more durable with glycine as the complexing agent than with oxalic acid. This is not surprising given the more corrosive nature of oxalic acid. However, values for n 1 are closer to unity for electrolytes containing oxalic acid, despite the poorer surface quality obtained during ECMP. This is the opposite of the trend observed with glycine as the complexing agent.
Conclusions
Cu surface roughness was measured following ECMP in electrolytes of varying pH and with two different complexing agents. These measurements were conducted in ECMP electrolytes containing PTA, which had previously been investigated as a low pH passivating agent in both ECMP electrolytes and CMP slurries. The surface roughness was reduced as the pH was increased from 3 to 6, suggesting that the formation of some Cu oxide may be desirable in improving the surface quality, although this also reduces the Cu removal rate. The surface roughness was also reduced by the substitution of a less aggressive complexing agent ͑glycine͒ for oxalic acid. Measurements of passive film formation by EIS suggest that the passive film formed at an applied anodic potential during Cu ECMP is thicker than that which forms during Cu CMP at the opencircuit potential. Impedance studies are not always consistent with a recently reported correlation between the ideality of the CPE with reduced Cu surface roughness. 
